The relative importance of host-specific selection or environmental factors in 25 determining the composition of the intestinal microbiome in wild vertebrates 26 remains poorly understood. Here, we use metagenomic shotgun sequencing of 27 individual specimens to compare the intra-and interspecific variation of 28 intestinal microbiome communities in two ecotypes (NEAC and NCC) of 29 Atlantic cod (Gadus morhua) -that have distinct behavior and habitats-and 30 three Gadidae species that occupy a range of ecological niches. Interestingly, we 31 find significantly diverged microbiomes amongst the two Atlantic cod ecotypes. 32
evolutionary separation and niche occupation. Using metagenomic shotgun 48 sequencing, we observe distinct microbiomes amongst two Atlantic cod (Gadus 49 morhua) ecotypes (NEAC and NCC) with distinct behavior and habitats. In 50 contrast, interspecific patterns of variation are more variable. For instance, we 51 do not observe interspecific differentiation between the microbiomes of coastal 52 cod (NCC) and Norway pout (Trisopterus esmarkii) whose lineages have 53 evolutionary separated over 20 million years ago. The observed pattern of 54 microbiome variation in these gadoid species is therefore most parsimoniously 55 explained by differences in niche occupation. 56 57 1. Introduction 58
Significant research effort has focused on the importance of external, 59 environmental factors (e.g. habitat, geography, microbial biodiversity, diet, 60 water temperature or salinity) and internal, host-related factors (e.g. genetics, 61 physiology or immunity) in driving the composition of the intestinal 62 microbiome in fish (1, 2). That external factors play an important role is well 63 established. For instance, bacterial diversity in the surrounding water influences 64 the intestinal microbiome in fish larvae and fry (3, 4), water temperature is the 65 main driver for the gut microbiome composition in farmed Tasmanian Atlantic 66 salmon (Salmo salar) (5) and diet influences the intestinal composition in both 67 experimental (6-9) as well as wild fish populations (10-13). Yet also internal 68 factors influence the composition of these bacterial communities. For instance, 69 observations of a shared (core) microbiome between wild and laboratory-raised 70 zebrafish suggest that distinct selective pressures determine the composition of 71 the microbial communities (14) . Moreover, an association between host 72 phylogeny and intestinal microbiome composition has been observed for a range 73 of fishes, marine animals and terrestrial mammals (15) (16) (17) (18) (19) . IgT depletion causes dysbiosis in rainbow trout (Oncorhynchus mykiss) (21), 79 and lack of a functional adaptive immune system reduces the strength of host 80 selection in knockout zebrafish models (22) . Amongst bony fish, gadoid fishes 81 have an unusual adaptive immune system -through the loss of MHC II, CD4 82 and invariant chain (Ii) and a range of innate (TLR) and MHC I immune-gene 83 expansions (23, 24). Moreover, Atlantic cod has high levels of IgM (25) and a 84 minimal antibody response after pathogen exposure (25-27). Gadoids therefore 85 provide an interesting ecological system to study host-microbiome interactions 86 (28) . 87 88 Studies that specifically integrate internal and external influence support a role 89 for both factors driving the microbial community composition (13, 29) . Such 90 studies however, remain restricted in both level of taxonomy of fishes (e.g. (30)) 91 as well as taxonomical resolution of the microbial analyses (16S rRNA: 13, 29, 92 performs typical spawning migrations from the Barents Sea to the Norwegian 122 coast whereas the Norwegian coastal cod (NCC) remains more stationary (34, 123 43 ). These ecotypes have increased genomic divergence in several large 124 chromosomal inversions (43-47), suggestive of local adaptation. The 125 environments that these two ecotypes encounter are different, and they feed on 126 distinct types of food. NEAC consumes mostly capelin and herring and NCC 127 feeds on a wide range of crustaceans, fish and seaweed (34, 39, 48) . During 128 spawning, these ecotypes spatially co-occur, and long-term gene flow between 129 ecotypes is supported by low overall estimates of divergence in most genomic 130 regions, apart from the chromosomal rearrangements (43). 131 132 We hypothesize that if interspecific selection (indicative of host-selection) is the 133 main driver for the intestinal communities in the Gadidae, most differences will 134 be found between the different species, and not between the different ecotypes 135 within Atlantic cod. In contrast, if environmental factors are the main drivers for 136 the intestinal communities, we expect significant compositional differences 137 between the ecotypes of Atlantic cod as well as varying levels of differentiation 138 between the species. We use taxonomic profiling of metagenomic shotgun reads 139 to classify these microbiomes -obtained from various locations around the 140 Norwegian coast-at order and species-level resolution and analyze within-141 (Table S3 ). 217
Sequence variation analysis 218
In order to assess the heterogeneity of the most abundant bacteria in the fish 219 species, we analyzed the sequence variation in the two genomes with the highest 220 mean relative abundance over all fish species and ecotypes; Photobacterium 221 kishitanii and Photobacterium iliopiscarium. Paired-end reads from each 222 individual fish were mapped to the reference genomes (Table S3) Simpson indices calculated from non-normalized order-level read counts (Table  243 S4). Differences in alpha diversity were studied using linear regression. The 244 "optimal model" (the model that best describes the individual diversity) was 245 identified through a "top-down" strategy including all covariates (Table S5) 
Taxonomical composition of the intestinal microbiomes 277
We analyze a dataset of 422 million paired-end reads, with a median sample size 278 of 11.9 million reads (8.0 -19.6 million reads per sample) ( Table 2, Table S7 ). 279
Following filtering, order level classification could be obtained for 93% of all 280 sequences (Table 2) . Based on non-normalized order-level sequence counts, we 281 observe clear patterns of separation between species and ecotypes in a 282 multivariate NMDS plot ( Fig. 1b) , with NEAC and northern silvery pout 283 forming distinct clusters, whereas the NCC populations encompasses the 284 Norway pout and poor cod populations. Vibrionales is the most abundant order 285 in the intestinal microbiomes of NCC specimens at both coastal locations (mean 286 relative abundance (MRA): 76%) as well as Norway pout (MRA: 79%) and 287 poor cod (MRA: 44%) ( Fig. 2a , Table 3 ), with the remainder of each gut 288 community consisting of a mix of orders with low relative abundance. The 289
intestinal microbiome of the NEAC and northern silvery pout specimens have a 290 significantly more diverse community composition ( Fig. 2a, Fig. 3 ). NEAC is 291 dominated by Bacteroidales (MRA: 21%), Vibrionales (MRA: 17%), 292
Clostridiales (MRA: 12%) and Brevinematales (MRA: 7%) and northern silvery 293 pout has a high relative abundance of orders Brachyspirales (MRA: 16%) and 294
Clostridiales (MRA: 14%). Distinct from the gut community of the other fish 295 populations, northern silvery pout has a low abundance of Vibrionales. Finally, 296 the amount of sequences in the "Others" category, as well as sequences 297 classified above order level (mean all samples: 7.8%), vary slightly between the 298 fish species (Table S8) . A species-level classification was obtained for 66% of 299 all sequences. Overall, species of the genus Photobacterium comprise on 300 average 40.6% of the classified sequences, ranging from 0.2% in northern 301 silvery pout to 74.3% in Norway pout (Fig. 2b) . In particular, P. kishitanii and 302 P. iliopiscarium represent on average 43% and 36% of all Photobacterium 303 species, although the ratio differs in the different fish species (e.g. 49% vs. 41% 304 in NCC, 16% vs. 56% in NEAC and 55% vs. 12% in Norway pout). 305
306
The NCC Lofoten intestinal microbiome is dominated by P. iliopiscarium 307 (MRA: 21%) and P. kishitanii (MRA: 20%), followed by different species of 308 Aliivibrio (wodanis, logei and fischeri) (MRA: 13%) ( Fig. 2b) . Similarly, the 309 bacterial gut community of Norway pout is also dominated by Photobacterium 310 species, in particular P. kishitanii (MRA: 17%). The intestinal microbiome of 311 poor cod is dominated by Photobacterium species (MRA: 18%), followed by 312 different Vibrio spp. (MRA: 8%). The gut bacterial community of NEAC is 313 more diverse, with high relative abundance of a Brevinema sp. (MRA: 31%) and 314 different species in the genera Photobacterium (MRA: 34%), Clostridium 315 (MRA: 12%) and Aliivibrio (MRA: 9%). The high abundance of Bacteroidales 316 observed at the order level ( Fig. 2a) is not reflected at the species level, as this 317 order represents a high number of Bacteroidales species with low abundance. 318
Consequently, no Bacteroidales species are among the 15 most abundant species 319 in the NEAC intestinal microbiome (Fig. 2b) . The NEAC samples also contain a 320
Mucispirillum sp. (MRA: 4%) and two Brachyspira spp. (MRA: 2%). In 321 northern silvery pout, the gut microbiome is quite evenly distributed between 322 the Brevinema sp., the Mucispirillum sp., Brachyspira pilosicoli, Brachyspira 323 sp. CAG:700 and a group of different Clostridium species in two of three 324 samples. The third sample contains the same species, but has an even higher 325 relative abundance of the Brevinema sp. (64%) (Fig. 2b) . 326
Variation in bacterial community composition among species and 327
ecotypes 328
Significant differences in within-sample diversity (alpha diversity) at the order 329 level are observed among all species and within-species ecotypes, except 330 between NCC and Norway pout ( Table 4 , Table S5 ). None of the other 331 covariates have a significant effect on alpha diversity. Similar to the results from 332 the within-sample diversity, significant differences in community structure (beta 333 diversity) are observed among the gadoid species at order-, genus-and species 334 level ( Table 5, Table S6 ). At the order level, the NEAC intestinal community 335 has a different structure than what is observed in all the other gadoids (0.05 336 significance level). The NCC intestinal microbiome is also different from that of 337 both poor cod and northern silvery pout. In agreement with results of within-338 sample (alpha) diversity, no differences in community structure are observed 339 between the microbiomes of NCC and Norway pout. Finally, no differences are 340 observed between the gut microbiome of poor cod vs. Norway pout, poor cod 341 vs. northern silvery pout or Norway pout vs. northern silvery pout (p = 0.074 for 342 all). Beta diversity analysis also demonstrate that community differences at the 343 genus and species level are similar to those observed at the order level (Table  344 S6). 345 346 Differences in the intestinal community composition between these gadoids are 347 predominantly explained by changes in the relative abundance of a limited 348 number of orders. For example, different proportions of Vibrionales contribute 349 29% to the (Bray-Curtis) dissimilarity between the NCC and NEAC (p = 0.001), 350 followed by differences in the relative abundance of Bacteroidales, explaining 351 10% of the dissimilarity (p = 0.001) (Table S9) Brachyspirales and Clostridiales. 356
Bacterial within-species variation of Single Nucleotide Variant 357 heterogeneity 358
We investigated bacterial within-species variation of P. iliopiscarium and P. 359 kishitanii -with sufficient read coverage across all samples-among the different 360 gadoids by mapping sequencing reads to their respective reference genomes 361 (GCF_000949935.1, GCF_000613045.2). In the samples used for SNV analysis, 362 the mean percentage of the reference genomes with minimum 20-fold coverage 363 (coverage breadth) after mapping were 63% for P. iliopiscarium and 19% for P. 364 kishitanii. Hence, the variation analysis of the two species is based on different 365
proportions of the reference genomes. The two reference genomes greatly vary 366 in the number of SNVs observed in all samples, from 84,866 in P. iliopiscarium 367 to 1229 in P. kishitanii, Fig. 4a ). The density of variable sites within each 368 individual sample shows varying levels of heterogeneity in the bacterial 369 populations (Fig. 4b ). This heterogeneity is particularly clear in P. kishitanii, 370 with sites-density varying from 0.5 to 45.4 variant positions per Kbp per 371 individual specimen. Further, the heatmap shows gadoid specific SNV patterns 372 ( Fig. 4c ), in particular for P. iliopiscarium, where Norway pout contains a 373 distinct pattern compared to the other gadoids, indicating the presence of 374 specific P. iliopiscarium strain(s). Statistical analyses of SNV variation reveals 375 that NEAC has a significantly different SNV pattern from Norway pout (Chi-376 square, p = 0.017) and poor cod (p = 0.028) for P. kishitanii, and from NCC (p = 377 0.033) and Norway pout (p = 0.000) for P. iliopiscarium (Fig. 4d , Table S10 ). 378 NCC has a significantly different SNV pattern from Norway pout (p = 0.003) 379 for P. iliopiscarium. (Fig. 4d , Table S10 ). The relative abundance of P. 380 kishitanii and P. iliopiscarium vary greatly among the fish specimens used in the 381 variation analysis (Fig. 4e) . 382 (Table S11 ). This bacterium within the 492
Vibrionaceae family was isolated from the intestines of cultured turbot 493 (Scophthalmus maximus) larvae in Norway, and classified as a novel species 494 phenotypically similar to the Vibrio genus (95). Interestingly, poor cod are also 495 host to the highest abundance of Vibrio spp. among the fish species in this study 496 (Table S11) Nonetheless, it is interesting to note that all gadoids have unusual adaptive 508 immune system -through the loss of MHC II, CD4 and invariant chain (Ii) and a 509 range of innate (TLR) and MHC I immune-gene expansions (23, 24). There are 510 significant correlations between immune genes and the vertebrate microbiome 511 (100, 101), and it has been hypothesized that adaptive immunity has evolved to 512 help maintain complex community of beneficial commensal bacteria (102). 513
Indeed, studies of wild-type zebrafish and knockout zebrafish without a 514 functional adaptive immune system suggested that adaptive immunity increases 515 the strength of host filtering of potential fish-associated microbes (22). The 516 unusual adaptive immune system of gadoids may therefore affect the strength of 517 co-evolutionary associations with their microbiome. 518 519
Conclusion 520
Based on metagenomic shotgun sequencing, we here characterize the intra-and 521 interspecific community composition among two ecotypes of Atlantic cod and 522 three related fish species in the Gadidae family. Several of these fish species 523 harbor unique, and possibly novel bacterial species. We identify a complex 524 pattern of diversity with significant differences between the Atlantic cod 525 ecotypes, and variable interspecific patterns of variation. Although most species 526 and ecotypes yield different communities, those found in coastal cod (NCC) and 527 Norway pout are not significantly diverged, indicating that ecological niche 528 plays an important role in determining the intestinal microbiomes in these 529 gadoid species. 530 531
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